Abstract Cymbopogon schoenanthus subsp. proximus is a wild plant distributed in subtropical and east Africa extending from the north to the southern parts of Egypt. Widely used in folk medicine, it is the source of the diuretic sesquiterpene proximadiol. Nuclear magnetic resonance metabolomic analysis of polar extracts of shoots from wild, greenhouse, somatic embryos, and direct and indirect organogenic in vitro cultures was carried out. Metabolic profiling yielded 39 compounds, of which common metabolites were 15 (38.4%). Unique metabolites were trehalose (2.5%) in the wild plants, 2-hydroxylisobutyrate, galactarate and tyrosine (7.6%) in indirect organogenic shoots. Tartrate was found only in direct regenerated shoots (2.5%). Metabolites identified in greenhouse and embryogenic shoots showed no unique compounds. Multivariate analysis revealed significant differences between all tested shoots. 4-aminobutyrate, alanine, glutamine, glucose, fructose, and sucrose were the most significantly different metabolites. Proximadiol was identified and quantitatively measured from the non-polar extract of different types of shoots using gas chromatography and mass spectrometry (GC-MS). Concentrations ranged from 3.6 ± 0.03 to 198.6 ± 7.2 lg/100 mg dry weight in regenerated shoots from somatic embryogenesis and in wild plant shoots, respectively. Direct organogenesis yielded the highest in vitro concentration (20.3 ± 0.5 lg/100 mg dry weight). This study reported the metabolic profiling of C. schoenanthus polar extract and identified primary metabolites that are unique to the wild type and shoots regenerated from different in vitro cultures. Proximadiol was quantified and the in vitro culture system yielding the highest concentration relative to the wild plant was identified.
Introduction
Cymbopogon schoenanthus (L.) Spreng. subsp. proximus (Hochst. ex A. Rich.) Maire and Weiller is a wild aromatic herb distributed in Southern Egypt, subtropical and east Africa (Boulos 1999) . In traditional medicine, the plant is used for treatment of a wide range of ailments including influenza, gripes pains, diabetes, cough, hypertension, inflammation, rheumatism, as a bronchodilator and for treatment of renal spasm (Boulos 1983; Batanouny et al. 1999) . Other biological activities such as antimicrobial and antioxidant activities were also studied (Selim 2011) . Phytochemical studies reported that the less polar fraction (petroleum ether extract) of C. proximus was characterized by the presence of the sesquiterpene bioactive principal compound, proximadiol, along with other sesquiterpenes. Proximol Ò is the commercial name of the widely used herbal medicine which contains mainly proximadiol and is used for expulsion of renal and ureters calculi through relaxation of the smooth muscle fibers without causing Electronic supplementary material The online version of this article (doi:10.1007/s12298-017-0432-0) contains supplementary material, which is available to authorized users. paralysis of the tissues (Radwan 1975; Locksley et al. 1982; ElAskary et al. 2003) .
In vitro propagation of medicinal plants is a well-known tool that facilitates a continuous supply of plant tissues, of which can be important in the production of bioactive metabolites. In vitro culture of some Cymbopogon species were carried out through micropropagation and somatic embryogenesis (Baruah and Bordoloi 1989; Bhattacharya et al. 2009; Dey et al. 2010) . In our previous studies we reported the regeneration of C. schoenanthus through somatic embryogenesis and direct tillering (El-Bakry and Abelsalam 2012; Abdel-Salam et al. 2015 .
Metabolomic analysis is considered a significant method for studying the metabolome in different biological systems (Fiehn 2002) . NMR spectroscopy is a powerful tool as it generates reproducible, rapid and non-destructive measurements. Advances in NMR soft-and hardware facilitate the analysis of the structurally related metabolites (Krishnan et al. 2004; Kim et al. 2011; Sar et al. 2013) . It has been used widely in metabolomic analysis of medicinal plants as in Panax ginseng roots, Humulus lupulus and Tussilago farfara (Yanga et al. 2012; Farag et al. 2012; Li et al. 2013) .
GC-MS is widely used for the detection of metabolites that possess medicinal, commercial or public value (Rohloff 2015) specifically for non-polar compounds in plants (Halket et al. 2005) . GC-MS was used in terpenoid identification from C. martini, C. citratus, C. winterianus and nineteen Indian species from genus Cymbopogon (Raina et al. 2003; Barbosa et al. 2008; Padalia et al. 2011; Kumar and Shukla 2014) .
We report in the present work major metabolite differences, using NMR, between shoots grown from in vitro cultures (somatic embryogenesis, direct and indirect organogenesis) and the wild and greenhouse shoots. Also, the quantitative assessment of the bioactive metabolite, proximadiol, in each shoot type using GC-MS was determined. The in vitro culture system yielding the highest concentration of proximadiol was identified.
Materials and methods

Plant material
C. schoenanthus seeds and aerial parts were collected from Aswan, Egypt in March 2014, air dried, and stored in paper bags in the dark at 25°C.
Chemicals
All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA), except proximadiol, which was purchased from BOC Sciences (NY, USA).
Seed sterilization
Seeds were separated from the inflorescence one day before culturing. Healthy seeds were collected in cheese cloth, washed under tap water for 15 min, in distilled water for 5 min, immersed in 95% ethanol for 1 min, followed by 20% Clorox (5.25% NaOCl) for 20 min with stirring. Under aseptic conditions, seeds were washed 3 times in sterile distilled H 2 O.
Greenhouse plant growth
Sterile seeds were cultured on hormone-free, half-strength, Murashige and Skoog (Murashige and Skoog 1962) medium with Gamborg B5 vitamins (Gamborg et al. 1968) MSB5 and incubated at 25°C under 16/8 h light/dark photoperiod for two weeks. Individual seedlings were transferred to garden soil and covered with plastic bags for two days under the same conditions. Humidity was reduced gradually until seedlings adjusted to ambient temperature. Four-week old seedlings were then transferred to the greenhouse under regular irrigation at 25°C. Shoots were harvested after 10 weeks from seed culture.
In vitro regeneration
A. Somatic embryogenesis (SE) was carried out according to (El-Bakry and Abelsalam 2012) with some modifications. Sterile seeds were cultured on MSB5 containing 3% sucrose supplemented with 1 mg/l 2,4-dichlorophenoxy acetic acid (2, 4-D) and 0.5 mg/l 6-benzyladenine (BA) for 4 weeks followed by subculture onto the same media. Embryogenic calli were transferred to MSB5 media with 1/4th the concentration of growth regulators followed by subculture on media containing 0.2 mg/l BA. Somatic embryoderived plants were transferred to MSB5 hormone free media for root development. B. Direct organogenesis (D): Sterile seeds were cultured on MSB5 with 3% sucrose and supplemented with 7.0 mg/l BA and 0.05 mg/l a-Naphthalene acetic acid (NAA) in magenta boxes. After four weeks of culture, 10 ml MSB5 liquid medium with 0.2 mg/l BA was added to each magenta box. Two weeks after the addition of liquid medium, 10 ml MSB5 hormone-free media with 2% sucrose was added to each magenta box (Abdel-Salam et al. 2017 ). C. Indirect organogenesis (ID): Sterile seeds were cultured on MSB5 containing 3% sucrose and supplemented with 4 mg/l NAA and 0.5 mg/l BA. The callus produced was sub-cultured on the same medium after 4 weeks in magenta boxes and remained on this media for another 4 weeks. Regenerated shoots were then transferred to MSB5 hormone-free medium with 6% sucrose for rooting (unpublished data).
For all experiments, pH was adjusted to 5.8 before sterilization, and media solidified by adding 2 g/l phytagel. Ten plates or magenta vessels were cultured with 5 explants in each for each of the in vitro culture methods. Incubation was at 25°C under cool white fluorescent light (3000 lux) for 16/8 h light/dark photoperiod.
Sample collection
Randomly selected replicates (between 6 and 9) were harvested for analysis. For wild and greenhouse plants, one replicate represented a single plant produced from one seed. Shoots were harvested in the vegetative stage. In vitro regenerated shoots were collected from different plants growing in different vessels. Shoots were harvested when they reached the same length. Plants from organogenic cultures (D and ID) were harvested at 10 weeks, while SE shoots were harvested after (20 weeks). It took a longer time for embryo induction and development to attain the same length as organogenic shoots.
Samples of each type of shoot were immersed directly in liquid nitrogen to quench all metabolic processes. The frozen plant samples were stored at -80°C for 4 h, and then lyophilized for 24 h. The dried samples were ground to a powder. The wild plants were air dried, which is the common method used in drug production, and homogenized in liquid nitrogen.
Metabolic profiling using NMR spectroscopy
A. Metabolite extraction
From each sample, 20 mg of dried and homogenized material was used. Metabolites were extracted using a constant ratio of 2:2:1 methanol:chloroform:water (Kim et al. 2010) and by using the dry mass to water loss ratio (Bligh and Dyer 1959; Wu et al. 2008) . The hydrophilic upper layer was removed from the extract and dried under vacuum for 24 h. B. Sample preparation and data collection Each dry sample was re-suspended in 620 ll of NMR buffer (1 mM TMSP (internal standard(, -2,2 0 ,3,3 0 -tetradeuteropropionic acid, 100 mM sodium phosphate buffer at pH 7.3 and 0.1% sodium azide, in 99.9 atom % D 2 O].
The data was collected at 700 MHz with a Bruker Avance TM III spectrometer using a spectral width of 16.0 ppm and 64 K points resulting in an acquisition time of 2.9 s. On-resonance pre-saturation was used for solvent suppression during a 3 s recycle delay. The first increment of the presat-noesy spectra was collected with 120 scans, 4 dummy scans, 3 s relaxation delay, and pre-saturation at the residual water frequency. The 908 pulse widths were measured for each sample using the automatic pulse calculation experiment (pulscal) in TopSpin 2. To label the spectra, Mnova software was used. Principal components analysis (PCA) and hierarchical cluster analysis (HCA) was performed on the bucket tables generated from AMIX using MetaboAnalyst 2.0 (MetaboAnalyst 2.0-a comprehensive server for metabolomic data analysis) with 95% confidence intervals (Xia et al. 2012 ). The PCA analysis was done with 0.5-10.0 ppm spectral region (excluding the water region of 4.733-4.833 ppm) using 0.01 ppm bucket widths and the advanced bucketing option in AMIX, which is based on individual peaks within the spectra that do not shift significantly (constant temperature and pH). The spectral bins were normalized to total intensity. For each scores plot generated during the analysis, two-sample Hotelling's T2 statistic (T2), F-value (Ft), and critical F-values (Fc) were calculated using MatLab R2010b (Goodpaster and Kennedy 2011)_ENREF_3. The chemical shifts of significantly changing metabolites were determined with pair-wise fold change analysis using both MetaboAnalyst 2.0 and AMIX software, and then identified by using Chenomx. Metabolic pathway network analysis was carried out using KEGG database and MetaboAnalyst 2.0 (pathway analysis) according to significant metabolites based on fold change analysis.
Quantitative analysis of proximadiol using GC-MS
A. Extraction
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Shoots were extracted according to the reference method (Jueun et al. 2014 ) with some modifications. Shoots derived from wild, greenhouse, and in vitro regenerated tissues were collected and dipped into liquid nitrogen. The collected shoots were then dried by lyophilization for about 24-48 h. From the original number of replicates, 3 were randomly chosen for GC-MS analysis.
To 100 mg of each sample, 2 ml of methanol:water (1:1 v/v) was added and thoroughly mixed using a vortex mixer for 30 s followed by sonication at 40°C for 20 min. Next, 2 ml of chloroform were added to each extraction mixture and vortex mixed for an additional 30 s. The resulting two phases were separated by centrifugation at 20009g for 10 min and the lower non-polar (chloroform) layer was transferred to a new tube. An additional 2 ml of chloroform was added and the mixtures were kept closed for 24 h at room temperature. The two layers were then separated as described before and the chloroform layer of each sample was pooled with the corresponding, previously obtained one. Each chloroform extract was filtered with a 0.22 ll syringe filter and then evaporated under vacuum until complete dryness. The resulting residues were individually dissolved in 1 ml chloroform from which aliquots for GC-MS analysis were taken.
B. Identification and quantification
GC-MS measurements were performed on an HP Agilent 5890 GC supplied with an RtX-5 column [length: 30 m, inner diameter (ID): 0.25 mm, film thickness (d f ): 0.25 lm] connected with VG 70 S mass unit. Injection temperature was set at 250°C and oven temperature was programmed as follows: Initially at 70°C for 0 min, (70-150°C) at 10°C/min, (150-210°C) at 5°C/min and finally (210-300°C) at 10°C/min for 10 min. All experiments were done using splitless mode at a flow rate of 1 ml/min and scanning range 50-450 m/z. A sample volume of 1 ll was used for injection, and each sample was studied in triplicate.
A proximadiol standard was used as a reference for analysis of the tested samples. Proximadiol was detected at Rt = 17:31 min with a base ion peak at 149 m/z. Based on the retention time and mass fragmentation pattern, qualitative analysis of proximadiol in all shoots samples was carried out. Quantitative determination of proximadiol in the examined shoots was carried out using the external standard calibration curve. At first, the calibration curve was constructed by preparing 1 mg/ml of standard proximadiol in chloroform from which four different dilutions were made to give final concentrations of 0.5, 1, 10, and 50 lg/ml. One microliter of each solution was injected into the GC-MS. The base peak at 149 m/z was found to be unique to proximadiol, and the curve was generated by plotting the area under this peak (AUP) for each dilution versus the corresponding concentration. The linear regression equation and regression coefficient (r 2 ) were also determined.
Data were analyzed using Minitab 17 software by one way ANOVA. Proximadiol concentrations in different shoots were compared by Fisher least significant difference (LSD) method with 95% confidence level.
Results and discussion
In vitro plant regeneration
In vitro propagation can be used to obtain a rapid and constant production of plant materials. Some of these plants contain metabolites of pharmaceutical importance. Hence, developing a regeneration protocol for these plants is considered a reliable source for medicinal compounds production (Nalawades and Tsay 2004; Debnath et al. 2006) .
In this study, seeds from wild plants (W) (Fig. 1a) were used for both the generation of the greenhouse plants (G) (Fig. 1b) and as a source of explants for in vitro regeneration. In vitro regeneration was carried out through somatic embryogenesis, direct organogenesis and indirect organogenesis.
For somatic embryogenesis, embryogenic calli and somatic embryos were induced on MSB5 medium supplemented with 1 mg/l 2, 4-D and 0.5 mg/l BA. Somatic embryos maturation and regeneration of plants (Fig. 1e ) took place after transferring somatic embryos to a medium lacking 2, 4-D. The effect of 2, 4-D in combination of BA on somatic embryogenesis of genus Cymbopogon has been reported (Mathur et al. 1988; Baruah and Bordoloi 1989; Dey et al. 2010) .
Direct organogenesis (Fig. 1c) was carried out on MSB5 medium supplemented with high concentration of BA (7 mg/l) in combination with 0.05 mg/l NAA. Similarly, a relatively higher concentration of BA was found to give the best results in shoot multiplication experiments in different plant species such as wheat and banana (Mokhtari et al. 2013; Bhosale et al. 2011) .
Indirect organogenesis was performed on MSB5 medium fortified with 4 mg/l NAA and 0.5 mg/l BA, which produced organogenic calli that eventually yielded green shoots (Fig. 1d ). Auxins were found to play a role in the control of tiller angle in rice, which enhanced rice growth and density (Wang et al. 2007 ).
Metabolomic analysis using NMR spectroscopy NMR based metabolomics is a credible technique used widely to identify and quantify a variety of metabolites in different plant species, tissues and organs (Krishnan et al. 2004) . In the present study, the polar fraction from different shoot types (W, G, SE, D, and ID) from C. schoenanthus subsp. proximus was analyzed using NMR (700 MHz Bruker Avance TM III spectrometer). From the different types of shoots a total of 39 metabolites were identified.
1 H NMR spectral analysis indicated that all shoot types shared the presence of some metabolites. In the aliphatic region (d 0.5-3.0 ppm) where amino acids are mostly located, all shoots were found to contain alanine, asparagine, isoleucine, leucine, proline and threonine (Appendix 1a, 1b in ESM). Also from the sugar region (d 3.0-5.5 ppm), D-glucose, fructose and sucrose were found in all shoots (Appendix 1c in ESM). Appendix 1d in ESM presents 1D and 2D spectra of the aromatic region (d 5.5-10 ppm).
On the other hand some metabolites were determined to exist in only certain types of shoots, for example, trigonelline was identified in the down field region d 8.0-9.5 ppm (Appendix 2 in ESM) of all types of shoot except the greenhouse shoots (Table 1) .
1 H NMR revealed the presence of a singlet proton resonating at d 9.13 ppm which is ascribed to the H-2 of the aromatic ring of trigonelline. Signals at d H 8.08 ppm (1H, t, J = 7.37, H-5) and d H 8.84 ppm (2H, t, J = 8.8, H-4 and H-6) were detected. Additionally 1 H-13 C connectivities were determined based on HSQC assignments (Table 1 ) and values were consistent with those reported in the literature (Campo et al. 2010; Machado et al. 2013; Ö man et al. 2014 ). This is the first report of trigonelline's presence in the genus Cymbopogon. Trigonelline biosynthesis and accumulation were found to be related to stress conditions (Cho et al. 1999; Tramontano and Jouve 1997) . Plants in in vitro culture system are known to be exposed to stress as a result of gelling agents, large tissue mass and warm temperatures which limits diffusion for gases such as O 2 , CO 2 and ethylene (Jackson 2005) . Also, wild plants growing in arid habitats are under water stress conditions (Boulos 1999) . Greenhouse plants have been grown under favorable environmental conditions which may explain the absence of the alkaloid trigonelline in such shoots. Trigonelline has important biological properties as anticancer, neuro-protectant, and anti-diabetic (Hirakawa et al. 2005; Zhou et al. 2012; Hamden et al. 2013 ). This may be related to the traditional use of this plant as an anti-diabetic (Boulos 1983) . Trehalose was found to be present only in the wild plant shoots. The wild plant grows in deserts, in high temperatures (harsh environment) and, since trehalose is a well-known osmoprotectant that protects the proteins and membrane structure of cells (Paul et al. 2008) , it can serve a vital function in protecting the plant in its natural habitat. The protective role of trehalose in the family Poaceae has also been reported by Garcia et al. (1997) , Ghasempour et al. (1998) and Henry et al. (2014) .
Similarly unique to the indirect shoots were 2-hydroxylisobutyrate, galactarate, and tyrosine. Tyrosine is an aromatic amino acid and is considered a precursor for the synthesis of many metabolites including tocochromanols (vitamin E), plastoquinones, isoquinoline alkaloids and betacyanin (Sarin 2003; Tzin and Galili 2010) . Exogenous addition of benzyl adenine was found to decrease tyrosine production in suspension cultures of Phytolacca americana (Hirano et al. 1992) . In our study, we used high concentration from benzyl adenine in the case of direct regenerated plants (7 mg/l) which may have contributed to the inhibition of tyrosine production in those plants or decreased its biosynthesis to an undetectable level. Ubalua and Mbanaso (2014) , Apio et al. (2015) reported that tyrosine has an important role in embryogenic callus production from different plants. This may explain that this compound has been metabolized during somatic embryogenesis stages (induction, maturation and germination) in the case of SE shoots. In the present work, tartrate was found only in the direct regenerated shoots. Biosynthesis of tartrate in higher plants is carried out through catabolism of ascorbic acid onto oxalate and threonine, the latter is oxidized to tartrate (Loewus and Loewus 1987; DeBolt et al. 2006) . Our data shows that, threonine is present in wild shoots, embryogenic shoots and indirect regenerated shoots and absent in direct regenerated shoot. This may suggest that threonine in direct regenerated shoots was metabolized into tartrate. Appendix 3 in ESM shows the identified compounds in different shoot types using 1D and 2D NMR spectra.
Principal component analysis was conducted to distinguish between the metabolic profiles of different types of shoots (Fig. 2a, b show all plant samples grouped in 2D and 3D scores plots with ovals corresponding to 95% confidence intervals). Overall, 82.5% of the total variance can be explained in PC1 and PC2, while 86.6% of the total variance can be explained when PC3 is included.
The metabolome similarities between different shoot sources were detected using HCA and shown in Fig. 2c . The resulting dendogram showed that the direct regenerated shoots were closely similar to both the greenhouse and the wild shoots. Regeneration through direct organogenesis has been documented as a safe method for obtaining trueto-type plants (Salvi et al. 2001; Gunathilake et al. 2008) . Also, our results showed that the indirect regenerated shoots were metabolically different from the wild and greenhouse shoots. Plants regenerated through callus-mediated organogenesis were known to have a higher percentage of somaclonal variations (Ramírez-Mosqueda and Iglesias-Andreu 2015). The high probability of variation incidence may give an explanation to why our indirect regenerates displayed noticeable metabolic differences when compared to the wild shoots.
Pair-wise, score plot comparisons show complete separation between different shoot types (Appendix 4 in ESM). Although score plot data of greenhouse shoots overlapped with that of shoots from somatic embryogenesis, the separation was statistically significant. Matlab analysis showed significant differences between all pair-wise analyses in different shoots (Table 2) . Similar significant differences were also reported in PCA analysis of cucumber green house plants and different types of in vitro regenerated plants (Filipecki et al. 2005) .
Fold change analysis in pair-wise groups (Fig. 3) based on 1 H NMR data was carried out to identify the metabolite variation between different shoot sources and the degree of variation for each metabolite. The data showed a significant decrease in the concentrations of the amino acids alanine, asparagine and glutamine in the wild plant shoots compared to other types of shoots (Fig. 3a-d) . Wild plants grow in sandy soil that is water deficient, and glutamine and valine concentrations were reported to decrease in response to water deficiency (Barnett and Naylor 1966) . On the other hand, higher concentrations of betaine, proline, and trans-aconitate were recorded in the wild plant in comparison with the greenhouse, indirect, and embryogenic shoots, respectively (Fig. 3a, c, d ). Proline is known as an osmolyte and a reactive oxygen species scavenger, while betaine accumulation in tissue is known to increase under stress conditions (Verbruggen and Hermans 2008; Szabados and Savoure 2009; Burg and Ferraris 2009) . Such metabolites would positively enhance the plant's survival in its natural, harsh habitat. Alanine, glutamine and asparagine biosynthesis from the alanine, aspartate and glutamate metabolism pathway have an important role in development since these compounds are considered to be C HSQC NMR spectra, Chenomx, and online databases. The check mark indicates the presence of the compound in the corresponding type of shoot the precursors for amino acyl tRNA biosynthesis (Appendix 5 in ESM). Our results indicate that the indirect regenerated shoots have higher accumulation of the amino acids alanine, asparagine, glutamine and valine when compared with embryogenic, direct, greenhouse, and wild shoots. Higher accumulation of the amino acids valine, asparagine and glutamine in shoot-differentiated callus was observed in Vanilla planifolia (Palama et al. 2010 ). In contrast, the amino acids arginine, asparagine, and serine were abundant in shoots produced from Silybum marianum somatic embryogenesis when compared to non-embryogenic calli (Khan et al. 2015) .
Greenhouse shoots contained higher concentrations of sucrose and fructose in comparison with direct and indirect regenerated shoots (Fig. 3e, f) . Shoots regenerated through somatic embryogenesis showed significantly lower concentrations of the monosaccharides glucose and fructose, and higher concentration of sucrose when compared with other types of shoots. Glucose and fructose concentrations have been shown to vary greatly during the developmental stages and their concentrations considerably declined by the later stages of embryo maturation in black and white spruce Iraqi and Tremblay (2001) . Also, sucrose concentration was significantly higher in embryogenic callus than in non-embryogenic callus of sugarcane plants (Mahmud et al. 2014) .
c-Aminobutyric acid (4-aminobutyrate) increased 23 fold in D shoots compared to SE shoots (Fig. 3i) , increased 6 and 5.7 folds when compared with G shoots and ID shoots (Fig. 3e, i) , respectively, and increased 3.4 fold compared to W shoots (Fig. 3b) . This compound accumulation was found to be induced by anoxia in rice seedling, coleoptiles and in tea leaves (Aurisano et al. 1995; Kato-Noguchi and Ohashi 2006; Mei et al. 2016) and to be involved in stress tolerance in wheat (Reggiani et al. 1993) . In direct regenerated cultures, plants may suffer from deficiency of oxygen due to the higher number of regenerated shoots (15-27 shoot/explant) in a limited space (Abdel-Salam et al. 2017 ) when compared to plants regenerated via somatic embryogenesis and indirect organogenesis (El-Bakry and Abelsalam 2012), which produce fewer shoots (Fig. 1) . c-Aminobutyric acid is biosynthesized through different pathways including the metabolism of arginine and proline, alanine, aspartate and glutamate metabolism pathway and butanoate metabolism pathway (Bouche and Fromm 2004, and Appendix 5 in ESM) .
Fold change analysis showed significant differences among some other compounds that we were unable to identify using the Chenomx database. These unknowns are listed in Proximadiol identification and quantification using GC-MS Non-polar extracts from different types of shoots (3 replicates each) were used for proximadiol quantification using GC-MS. All samples were tested for the presence of proximadiol by comparing the retention time and mass spectra with that of the reference standard. Figure 4a represents the TIC (total ion chromatogram) of the standard proximadiol along with the other tested shoots in the expansion range of Rt = 16-19 min. Proximadiol was found to be detected at Rt = 17:31 min under the GC-MS conditions defined in the methodology section. The proximadiol peak was detected in all types of shoots and further confirmed by investigating the mass spectra corresponding to this peak (Fig. 4b) . All mass spectra showed identical fragmentation patterns as that recorded for the standard; some ions were found to be characteristic to proximadiol, including m/z 207, 189, 182, 164, and 149. Proximadiol quantification in each shoot type was assigned using the linear regression equation. An external calibration curve was generated using four different concentrations of the standard, and linear regression analysis yielded the regression equation Y ¼ 71700X À 104349 with regression coefficient r 2 = 0.995, where X is the concentration of proximadiol in lg/ml and Y is the area under the peak of the ion m/z 149. Wild shoots have the highest recorded significant proximadiol concentration (198.6 ± 7.2 lg/100 mg dry weight) followed by the greenhouse, direct organogenic, indirect organogenic, and the lowest concentration were in SE shoots (Table 4) . Several reports have demonstrated that many factors are determinants in the production of secondary metabolites by plants. Developmental stages and stress factors such as temperature variation and drought are among these factors (Figueiredo et al. 2008; Radušien _ e et al. 2012) . C. schoenanthus naturally grows in an arid climate with a scarce supply of water and usually harvested for medicinal use when it becomes fully grown; these, along with other, factors may contribute to the trigger of proximadiol biosynthesis and also could explain the relatively higher proximadiol concentration in the wild shoots compared to other laboratory-raised shoots. Accordingly, future optimization of growth conditions like temperature or culture age and elicitors additions would help attain the best in vitro conditions for metabolite production.
According to our results, we observed that the shoot systems with higher levels of proximadiol concentrations such as wild and greenhouse shoots also showed a significant decrease in the concentration of asparagine and an increase in the concentrations of the monosaccharides glucose and fructose. Glucose and fructose are produced from starch and sucrose metabolism and then converted to glyceraldhyde-3-phosphate in the glycolysis pathway, which is also involved in isoperene biosynthesis (a terpenoid precursor) through the non-mevalonate pathway. Biosynthesis of terpenoids from glucose has been reported in many studies (Eisenreich et al. 1996; Arigoni et al. 1997; Adam et al. 1998) . Also, glucose and alanine were found to (Fowler et al. 1999) .
Conclusion
This study reports the metabolic profiling of the polar extracts, as well as, primary metabolites characteristic of the wild plant and of shoots regenerated in vitro through organogenesis (direct and indirect) and through somatic embryogenesis. Also, two important secondary metabolites (proximadiol and trigonelline) have been identified and quantified using GC-MS and NMR spectroscopy in the polar extracts of the wild plant. The presence of proximadiol (source of the commercial drug Proximol Ò ) has been quantified in all in vitro systems investigated. Direct organogenesis was identified as the culture producing the highest concentrations.
To our knowledge, this work represents the first metabolic profiling study for the genus Cymbopogon. C. schoenanthus, confined in its geographical distribution to subtropical Africa extending from the north to the southern part of Egypt, and used extensively in folk medicine, previously has been poorly studied. Genetic assessment, physiological, biochemical and biotechnological studies have been very limited in this species.
Future research on the genetic and physiological manipulation of in vitro cultures and the use of greenhouse plants, have the potential to be good sources of bioactive compounds in particular when coupled to horticultural practices. Also it may provide propagules for both ex situ conservation and habitat restoration. This may alleviate collection pressure of the plant from the wild and help in genetic conservation of the species.
